The novel insecticidal toxin, LaIT2, was isolated from venom of the scorpion Liocheles australasiae. The amino acid sequence of LaIT2 was determined by an Edman degradation analysis and subsequent cDNA cloning. LaIT2 is composed of 59 amino acids with three disulfide bridges, and shares sequence similarity to the scorpion -KTx peptides.
To capture prey and defend themselves against predators, scorpions use venom containing a variety of peptides that are toxic to mammals, insects, and crustaceans. 1, 2) The venom also includes antimicrobial peptides, 3) which are believed to play a role in defense against microbial infection via venom glands that are externally exposed. 4) A number of peptides have so far been isolated from scorpion venom, most of which are neurotoxins acting on ion channels with high affinity and selectivity. These biological features make scorpion toxins useful for elucidating the structure and function of ion channels, 5) and for the design of novel drugs 6) and insecticides. 7) Scorpion peptides can be classified into two groups based on the presence or absence of disulfide bridges. The peptides with disulfide bridges are subdivided into short-and long-chain groups. The short-chain peptides are composed of 20-40 amino acid residues with two to four disulfide bridges, while the long-chain peptides are of 60-80 residues with three or four disulfide bridges. Both short-and long-chain peptides specifically act on ion channels such as Na þ , K þ , Ca 2þ and Cl À . 5, 8, 9) Insect-specific toxins, the majority of which have been isolated from the Buthidae family of scorpions, are found in both short-and long-chain peptides. 10) Although several insect-specific toxins have been shown to act on the Na þ channels, their mechanisms of action are poorly understood in most cases, especially for short-chain toxins. On the other hand, the peptides without disulfide bridges are of various sizes and share a low degree of structural similarity.
3) The non-disulfide-bridge peptides functionally exhibit antimicrobial, hemolytic, or bradykininpotentiating activity.
A limited number of toxins have been isolated from scorpions of a non-Buthidae family such as Opisthacanthus madagascariensis, but they possess unique structural and functional features distinct from those isolated from the Buthidae family of scorpions. [11] [12] [13] It is therefore expected that toxins with interesting structures and functions could be isolated from non-Buthidae family scorpions. We have recently isolated the insecticidal short-chain toxin, LaIT1, from the venom of Liocheles australasiae (Hemiscorpiidae).
14) LaIT1 has a unique structure without sequence similarity to any other known natural peptides reported in public databases. This finding motivated us to further explore other insecticidal toxins included in the venom of L. australasiae. We report here the isolation and structural characterization of the novel insecticidal toxin, LaIT2, from the venom of L. australasiae.
In the previous study, the venom of the L. australasiae scorpion was fractionated by reverse-phase highperformance liquid chromatography (RP-HPLC), and two fractions (IV and VIII) showed insect toxicity after injecting into crickets (Acheta domestica).
14) The insecticidal toxin, LaIT1, had been isolated from fraction IV. 14) In the present study, another toxic fraction VIII, was further separated by RP-HPLC (Fig. 1A) , and the resulting five fractions, A-E, were examined for their toxicity toward insects by injecting into crickets (A. domestica, 50 AE 5 mg body weight). Toxic fraction D was separated by RP-HPLC by using heptafluorobutyric acid (HFBA) instead of trifluoroacetic acid (TFA) as an ion pair reagent to give two peaks (Fig. 1B) , the first-eluted peak, named LaIT2, showing toxicity. Repeated HPLC purification enabled 11 mg (0.26%) of LaIT2 to be obtained from 4.3 mg of the crude venom, indicating that the relative abundance of LaIT2 in the venom was slightly lower than that of LaIT1 (0.34%). Purified LaIT2 caused paralysis or death to crickets within 48 h after injection at a dose of 1.3 mg/insect (26 mg/g of body weight), but the appearance of toxic symptoms was more delayed than that of LaIT1. Although we could not isolate a sufficient quantity of LaIT2 to estimate the LD 50 value for crickets, LaIT2 should possess insect toxicity comparable to moderately potent scorpion toxins such as ardiscretin.
15)
y To whom correspondence should be addressed. Fax: +81-75-753-6123; E-mail: miyamasa@kais.kyoto-u.ac.jp Abbreviations: HFBA, heptafluorobutyric acid; TFA, trifluoroacetic acid; RT-PCR, reverse transcription-polymerase chain reaction; RACE, rapid amplification of cDNA ends; RP-HPLC, reverse-phase high-performance liquid chromatography Biosci. Biotechnol. Biochem., 73 (12), [2769] [2770] [2771] [2772] 2009 Note An analysis using an LCMS-IT-TOF mass spectrometer equipped with an electrospray ion source (Shimadzu, Kyoto, Japan) revealed the monoisotopic molecular mass of LaIT2 to be 6628.2 Da. Purified LaIT2 (1 nmol) was subjected to an Edman sequencing analysis (Procise 491-HT, Applied Biosystems, Foster City, CA, USA) without any reduction or alkylation of the disulfide bridges, and the sequence of the N-terminal 42 amino acid residues was determined (Fig. 2) . The rest of the sequence was deduced by cDNA cloning. Telsons from 19 specimens of L. australasiae were dissected 2 d after extracting the venom, and immediately frozen in liquid nitrogen. Total RNA was isolated by using TRIzol Ò (Gibco BRL, Grand Island, NY, USA) and then purified by the SV total RNA isolation system (Promega, Madison, WI, USA) according to the manufacturer's instructions. To obtain the nucleotide sequence of cDNA encoding the N-terminal region of LaIT2, first strand cDNA was synthesized from total RNA (5.5 mg) by using a Ready-To-GoÔ T-primed first-strand kit (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer's instructions. This first-strand cDNA was amplified by the reverse transcription-polymerase chain reaction (RT-PCR), using degenerate primers designed from the amino acid sequence determined by Edman sequencing: a forward primer of 5 0 -GCNAARAARCCI-TTYGTNCA-3 0 (corresponding to
C for 1 min, and 72 C for 1 min), and finally incubation at 72 C for 5 min. The PCR products were gel-purified and cloned by using a pT7Blue vector (Takara Bio, Otsu, Japan) and sequenced by a CEQÔ 8000 genetic analysis system (Beckman Coulter, Fullerton, CA, USA). The amplified product was confirmed to correspond to the sequence determined by Edman sequencing. Full-length cDNA was then cloned by the rapid amplification of cDNA ends (RACE) technique, using primers synthesized according to the partial cDNA sequence already obtained. cDNAs for 5 0 -and 3 0 -RACE were synthesized by using a Super SMARTÔ PCR cDNA synthesis kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's instructions. First-strand cDNA was obtained from 0.5 mg of total RNA with MMLV reverse transcriptase (Takara Bio), using anchor primers supplied with the kit (SMART II A oligonucleotide and 3 0 SMART CDS primer II A). 5 0 -RACE was performed by PCR with a primer designed from the partial cDNA sequence (5 0 -GATATGATCGGACAT-CCGTATTGAG-3 0 , Fig. 2 ) and the anchor primer supplied with the kit (SMART II A oligonucleotide). The products were further amplified by PCR, using another primer set (5 0 -GCATAGCTAGGCCTTT-TAGTTTG-3 0 , Fig. 2 , and SMART II A oligonucleotide). 3 0 -RACE was also performed by PCR with a primer designed from the partial cDNA sequence (5 0 -CAAACTAAAAGGCCTAGCTATGC-3 0 , Fig. 2 ) and the anchor primer supplied with the kit (3 0 SMART CDS primer II A). The PCR products of 5 0 -and 3 0 -RACE were cloned and sequenced as already described. Fulllength cDNA was successfully cloned (accession no. AB510468), which encoded a mature peptide of 59 amino acid residues (Fig. 2) . The calculated molecular mass of 6628.2 Da matches exactly with the experimentally obtained value when the presence of three disulfide bridges is assumed.
A comparative sequence analysis using BLAST 16) indicates that LaIT2 shares similarity to scorpion -KTx peptides, although they share low sequence identity with LaIT2. The location of six cysteine residues is highly conserved among these peptides, and cationic residues are abundant in the sequence with net charges ranging from þ2 to þ6 (Fig. 3A) . -KTx peptides, which have been reported to have K þ channel blocking, hemolytic, or antimicrobial activities, have been isolated from the venom of various scorpion species. 17) Although -KTx peptides are designated according to their toxic action on K þ channels, there are only two toxins (TstKTx and BmTXK) that have actually been shown to act as K þ channel blockers. 18, 19) In contrast, several -KTx peptides, such as HgeKTx, have been reported to exhibit antimicrobial and cytolytic activities probably resulting from disruption of the cell membrane.
17) The biological activities of the remaining -KTx peptides have been poorly characterized. As demonstrated in this study, LaIT2 showed significant insect toxicity. To our knowledge, this is the first report of a -KTx peptide toxic to insects. The paralytic symptoms of crickets exposed to LaIT2 suggest that this toxin affected their nervous system.
From a structural point of view, -KTx peptides are believed to have a cysteine-stabilized = motif in the cystein-rich C-terminal region. 17) In contrast, the linear N-terminal region is assumed to form an -helical structure. It has been reported that removing the Nterminal region of HgeKTx, an antimicrobial -KTx peptide, resulted in the loss of antimicrobial activity, but replaced by the appearance of K þ channel-blocking activity. 17) This indicates that the structure of the Nterminal region of -KTx peptides determines their antimicrobial activity. It is well understood that the activities of antimicrobial peptides are universally dependent upon interaction with the cytoplasmic membrane, in which the cationic properties and/or amphipathicity of peptides are important. LaIT2 carries a net positive charge (þ6) and significant amphipathicity at the N-terminal region that was apparent from the helical wheel projection (Fig. 3B) , suggesting that LaIT2 may also have the ability to disrupt the cell membrane. In fact, LaIT2 showed significant antimicrobial activity in the growth inhibition assay against Escherichia coli (data not shown), although this experiment is preliminary due to limitation of the available sample amount. It is likely that the insect toxicity of LaIT2 could be caused by disruption of the cell membrane in neuronal cells in insects rather than by direct blocking or modulation of ion channels.
-KTx peptides have previously been defined as ''orphan peptides,'' because their biological functions had been poorly characterized. 20) However, recent progress in evaluating their biological roles has revealed each -KTx peptide to have an important function as a K þ -channel blocker or as an antimicrobial agent in the venom. The toxicity of LaIT2 towards insects demonstrated in this study highlights the different biological functions of -KTx peptides in scorpion venom. A, Multiple sequence alignment of the LaIT2 and -KTx peptides. The alignment was obtained by using CLUSTALW. 21) Cationic amino acids are shaded in grey, and cysteine residues are boxed. Identical ( Ã ), strongly similar (:) and weakly similar (.) residues are shown below the sequence. B, Helical wheel projection of the N-terminal portion of LaIT2. Hydrophilic and neutral residues are shown in gray and hydrophobic residues in white.
